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Abstract We experimentally observed the time dependence
of the spin populations of spin-2 3’Rb Bose—Einstein con-
densates confined in an optical trap. The condensed atoms
were initially populated in the stretched states |F =2, mp =
+2) and |F =2, mp = —2) with several varieties of pop-
ulation imbalances. No spin-exchange collisions were ob-
served in a weak magnetic field of 45 mG. The atom loss
rate depended on the observed relative population of spin-
states. We calculated the loss rate due to two-body inelastic
collisions with the population imbalance using an experi-
mentally estimated rate of 17.0(£1.9) x 1074 cm3 s~ un-
der the population balance. The calculations were in good
agreement with the measurements. Our results show that the
dependence of inelastic collisions on spin channels plays an
important role in the time-evolution of spin populations.

PACS 03.75.Mn - 34.50.Pi - 05.30.Jp

1 Introduction

Ultracold collisions of atoms play pivotal roles not only
in degenerate gases but also in thermal atomic and mole-
cular clouds [1]. In elastic collisions, the s-wave scatter-
ing length determines the properties of ultracold collisions
[1, 2]. The s-wave scattering length can be controlled by the
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magnetic Feshbach resonance [3] or the optically induced
Feshbach resonance [4]. Inelastic collisions, especially two-
body inelastic collisions [5], also play important roles in ul-
tracold collisions for Bose—FEinstein condensates (BEC) in
the upper hyperfine state of the ground state of the alkali-
atoms [6—10], for sympathetic cooling [11-13], for buffer-
gas cooling [14], for Penning ionization [15], etc. The in-
elastic collision rates depend on the magnetic field strength
near a Feshbach resonance [16, 17]. For condensates in the
upper hyperfine states, a high rate of inelastic collisions
makes it difficult to observe relaxation effects that have been
studied for condensates in the lower hyperfine state [18].
87Rb BEC is well suited to investigate the upper hyperfine
state because the atom loss rate of 8’Rb is much smaller than
that of other species [7].

There have been several experimental observations of the
collision property of spin-2 spinor BEC [8-10]. Its mag-
netic ground state can be ferromagnetic, antiferromagnetic,
or cyclic (spin-singlet trio) phases, whereas spin-1 BEC ex-
hibits ferromagnetic or antiferromagnetic phases [19]. The
phase in zero magnetic field is determined by the s-wave
scattering length of the corresponding collision channels.
Saito et al. [20, 21] proposed that the magnetic ground
state can be determined from time-evolution measurement
of the relative population of the spin-states in a weak mag-
netic field. In the cyclic phase, atoms initially populated in
|F=2,mp=+42) and |F =2, mp = —2) states may pro-
duce |F = 2,mp = 0) state atoms, while in the antiferro-
magnetic phase a |2, £2) mixture is stable. The stability
of the |2, £2) mixture was experimentally observed by the
Hamburg group [9]; however, the applied magnetic field of
340 mG was not weak enough to exclude quadratic Zeeman
effects [20, 21].

In this paper, we investigate the temporal evolution of the
spin-state populations of optically trapped spin-2 8’Rb con-
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densates in a weak magnetic field of 45 mG with various
relative populations between |2, +2) and |2, —2) states. We
estimate the atom loss rate caused by two-body inelastic col-
lisions from population-balanced experiment and study the
time-dependence of inelastic collisions on the relative pop-
ulations in population unbalanced experiments. We also cal-
culated the time-evolution of the number of atoms in the trap
using a simple model of the density-dependent collisions.

2 Experimental setup

The experimental apparatus and procedure to create 3’Rb
condensates are nearly the same as in our previous work
except for some technical improvements such as the stabil-
ity and accuracy of the computer control system [8]. A pre-
cooled thermal cloud prepared by the first magneto-optical
trap (MOT) was transferred to the second MOT by irradiat-
ing the first MOT with a weak near-resonant cw laser beam
focused on the center of the atomic cloud. Over 10° atoms
in the second MOT were pumped optically into the |2, +2)
state and recaptured in an loffe—Pritchard (clover-leaf) type
magnetic trap. BEC containing 10° atoms were created by
evaporative cooling with frequency sweeping of an rf field
for 15 s.

The BEC was loaded into a crossed far-off resonant opti-
cal trap (FORT) at a wavelength of 850 nm. One of the laser
beams was irradiated along the long axis of the cigar-shaped
BEC with a power of 7 mW and a 1/¢? radius at a focus
of 24 um. The other laser beam with a power of 11 mW
and a beam waist of 90 pum was focused on and crossed the
first beam. The potential depth of the crossed FORT was es-
timated to be about 1 pK. The power fluctuations of both
lasers were less than 1%. The average trap frequency mea-
sured from the release energy of BEC [22] was found to be
82 Hz.

The condensed atoms in the |2, 4-2) state in the magnetic
trap were transferred to the crossed FORT. The magnetic
trap was then quickly turned off, and the quantization axis
was nonadiabatically inverted. The condensed atoms were
kept in the trap for 400 ms [8]. As a result, condensates
containing 2.5 x 107 atoms in the |2, —2) state were pre-
pared in the crossed FORT. To study the spinor dynamics,
some of the condensed atoms in the |2, —2) state were trans-
ferred to the |2, 4-2) state by sweeping the rf field through
resonance in an external magnetic field of 20.5 G [23]. In
this magnetic field, the condensed atoms can be selectively
transferred to the desired target states by quadratic Zeeman
shifts. The relative populations of |2, +2) and |2, —2) states
were controlled by the rf field strength and sweep speed.
The observed fluctuation in the number of atoms was esti-
mated to be 10% and resulted from variations in the initial
number of BEC atoms and in the rf-transfer rate between
spin states. After the state preparation, the 20.5-G field was
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turned off, and an accurately controlled external magnetic
field of 45 mG was immediately applied. The FORT was
turned off at the end of the time-evolution period, and ab-
sorption imaging was applied after a free expansion time of
15 ms to measure the population distribution of each spin
component by the Stern—Gerlach method [22]. A residual
magnetic field of 10 mG was measured by observing the
transfer rate for magnetic dipole transitions, and the residual
gradient magnetic field was estimated to be 30 mG/cm [8].

3 Results and discussion

Figure 1(a) plots the time-dependence of the total num-
ber of condensed atoms initially in the |2, +2) and |2, —2)
states with equal populations (closed triangles) and those oc-
cupying only the |2, —2) state (open squares). Each point
was typically averaged over 4 samples. In these |2, +2) and
|2, —2) measurements, the observed relative population of
mp = +2 ranged from 0.45 to 0.55. The total number of
atoms in the |2, +2) and |2, —2) states in the trap rapidly
decreased in comparison with that of atoms populated in the
|2, —2) state alone because of hyperfine-changing inelastic
collisions such as |2, +2) + |2, —=2) — |1,mFp) + |F, m’F>
(where F = 1,2). The observed condensate fraction was
greater than 90%, and the temperature of the thermal cloud
was below 100 nK. In the measurement, finite temperature
effects in the condensates, as seen in [24], were not ob-
served. The weak magnetic field strength of 45 mG satis-
fies the condition for suppressing the quadratic Zeeman ef-
fect [20].

The summation of relative population of mp = +2 and
—2,thatof mp = +1 and —1, and that of m p = 0 are shown
in Fig. 1(b). The summed relative population of mp = +1
and —1 remained less than 0.05, that of mg = 0 leveled
off at approximately zero, and that of mp = +2 and —2 re-
mained stable above 0.94. This behavior suggests antiferro-
magnetic properties.

To study inelastic collisions between different spin states,
we investigated the relation between the total number of
atoms and the observed relative population of the |2, +2)
and |2, —2) states for various trap times. The observed pop-
ulations of other spin states were negligibly small. Figure 2
depicts the dependence of the total number of atoms on the
observed relative population of m g = 42 for trap times of
(a) 0, (b) 50, (c) 120, and (d) 280 ms. The closed triangles
were single-shot data for the observed relative populations.
The open circles are averaged data for between 0.45 and
0.55 of the observed relative population. Under typical con-
ditions, the initial population imbalance was (50 £ 20)% as
depicted in Fig. 2(a). As the trap time elapsed, the popu-
lation imbalance grew. For example, at a trap time of 280
ms, it was (50 & 45)%. The observed total number of atoms
decreased more rapidly for smaller population imbalances.
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Fig. 1 Time-dependence of condensed atoms initially prepared in the
|2, +2) and |2, —2) states. (a) Number of condensed atoms remaining
in the trap as a function of trap time. Closed triangles represent the
number of atoms initially populated in the |2, +2) and |2, —2) states,
and open squares are that in |2, —2) state only. The experimental data
are fitted by (1). (b) Time-evolution of relative populations of the sum-
mation of |2, +2) and |2, —2) atoms (closed triangles), |2, +1) and
|2, —1) atoms (open diamonds), and |2, 0) (closed circles) atoms

This behavior can be understood qualitatively from the
following property of the inelastic collisions. The collision
rate for different spin states is higher than that for identi-
cal spin states. A major cause of two-body inelastic colli-
sions between |2, +2) and |2, —2) atoms is hyperfine chang-
ing collisions in which a spin state of one or two atoms
is changed to a lower hyperfine spin state [8]. Therefore,
if only |2, —2) atoms are populated, no hyperfine changing
collisions occur because of total spin conservation. In or-
der to confirm this picture quantitatively, we calculated the
population-dependent loss rate numerically.

The loss of atoms in a single-component BEC from
the trap can be described by a differential equation as fol-
lows [5]:

‘Z—]j = — (K1 + K2(n) + K3(n?))N. 1)
Here N is the total number of atoms, and K is a rate coef-
ficient for density-independent losses such as residual-gas
scattering and photon scattering. K> and K3 are the rate
coefficients for two- and three-body inelastic collisions, re-
spectively. In our experiment, the values of these coefficients
were K| =0.25 s~ and K3 =1.8 % 10729 cmb ! [8]. K
and K3 can be ignored because their contribution to the atom
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Fig. 2 Total number of atoms for various relative populations of
|2, +2) (closed triangles) at trap times of (a) 0, (b) 50, (¢) 120, and
(d) 280 ms. Open circles represent the averaged data for observed rel-
ative populations from 0.45 and 0.55. The dotted lines are the calcu-
lation results for the population-dependent function of (3) with our
experimental parameters. The inset scales show initial relative popu-
lations between 0.2 and 0.8 calibrated from (3)

loss is negligible in comparison with the K, term. Two-
body inelastic collisions for two-component atomic gases
change the atom density for mp = £ states, whereas the
total atom density of single component gases is represented
as dn/dt = —K,n? [25]. Thus, the loss rates due to two-
body inelastic collisions are given by

dnij
dt

2
= —Kojgpngjnzj — Kojxpni;, 2

where n; is the atom density of the BEC in the 4-; state,
K>+j,+j) and Kp+j +j) are the rate coefficients of two-
body inelastic collision between m; = £j and m; = Fj
states and identical m; = 4 state, respectively. When the
Thomas—Fermi approximation is assumed for the atom den-
sities of BECs, each component of the density can be repre-
sented by the relative population. Therefore, the rate equa-
tions for the number of atoms in m g = £ states are

dN4;
Tj =—nN"Pp_j(0)ps;j(O)Kasj—j)
— NP pL; (0K x))s )
1575 ( M\
)/2 = — e —— ’
147 (ﬁﬁ)

where p;(t) is the relative population of the mp = %j
states at the trap-evolution time ¢, M is the atomic mass,
a is the scattering length, and @ is the averaged trap fre-
quency. y» is derived from the relation between the number
of atoms and the peak densities in the Thomas—Fermi ap-
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proximation. It is assumed that any coherent spin dynamics
can be ignored.

We focus on two-body collisions with j =2, i.e., the col-
lisions between m = +2 and —2 states. The inelastic col-
lision rate in identical spin states, K»(42,42) and Ky(_2 _7),
can be ignored because |2,+2) and |2, —2) states are the
stretched states. Thus, atoms inelastically collide with dif-
ferent spin state atoms selectively, while they do not inelas-
tically collide with identical spin state atoms. As a result, we
obtain a value of Kp(42,—2) = 17.0(£1.9) x 107! cm? s~!
in the experiment1 and the fitted curve (solid curve) plot-
ted in Fig. 1(a). The K42 —2) value is somewhat larger
than that for mp = 0; Kp0,0) = 14(£2) x 10~ ¥cm3s~! in
a magnetic field ranging from 0.1 to 1.5 G [8]. These val-
ues are slightly larger than those of the Hamburg group
(K20,0) = 10.2(£1.3) x 107 cm?s™! and Kp(42,-2) =
13.2(£1.8) x 107 cm3 s~! at 340 mG)? [9]. The system-
atic uncertainty in estimating the experimental parameters
such as the peak atom density and the trap frequency of the
FORT may be the reason for this difference.

The dotted curves in Fig. 2 present the calculations
of (3). They are in good agreement with the experimen-
tal results for various trap times. The calculations have no
free parameters; we used the values of Ny = 2.1 x 10°
and Ka(42,-2) = 17.0 x 107'% cm3 s™! determined from a
population-balanced experiment. Figure 3(a) plots the time-
evolution of the relative population for various initial pop-
ulation imbalances. Except for p12(¢) = 0.5, the difference
in the relative population increased with increasing the trap
time. The relative population between 0.45 and 0.55 initially
became 0.2 to 0.8 at 280 ms. The calculated imbalances
were consistent with the experiment as shown in Fig. 2; the
inset scales correspond to initial relative populations in the
range of 0.2 to 0.8. The range increase results from depen-
dence of two-body inelastic collision rates on spin channels;
a pair of mp = +2 and mr = —2 atoms falls out of the trap
together, whereas two identical spin state atoms do not cause
a two-body inelastic collision. If the inelastic collision rate
of the different spin state is the same as that of the iden-
tical spin state, the range of relative population would be
held constant at all times. The thermal components were
also negligible in our time-evolution experiment since the
observed condensate fraction was larger than 90%.3 We cal-

In this condition, (3) can be simplified as dN/dt =
—0,5y2K2(+2,_2)N7/5, since the relative populations are equal,
p+2(t) = 0.5. Note that the inelastic collision rate differs by
a factor 2 from that in the identical spin state represented as
dN/dt = —ysz(j,j)NNS.

2The value is redefined by (3). The original value of Ky42,-2) is
6.6(£0.9) x 10~* cm® s~! in [9].

3We calculated the number of atoms in two-body inelastic collisions
in the presence of a thermal cloud, as described in [5]. The difference
in the number of atoms for the calculations with and without thermal
clouds was less than 5%.
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Fig. 3 Trap-time dependence of the relative population of |2, +2).
(a) Time-evolution of the relative population for various initial pop-
ulation imbalances. (b) K12, —2) dependence for initial populations
of 0.25 and 0.4 at No = 2.1 x 10° and K422y = 17.0 x 10714
cm? s~ (solid line), 8.5 x 10~ cm3s~!' (dotted line), and
34.0 x 1071% cm3 s~ (short-dashed line). (¢) Ny dependence for
Ka12.-2) = 17.0 x 107 em’ s Ny = 2.1 x 10° (solid line),
1.55 x 107 (dash-dotted line), and 4.2 x 10° (long dashed line)

culated the time dependence of the relative populations for
various values of K542 —2) and the Ny dependence with ini-
tial population imbalances as shown in Figs. 3 (b) and (c),
respectively. Comparing these figures, the dependence on
K5(4+2,—2) 1s more pronounced than the dependence on Ny.
Thus, fluctuations in Ny smaller than 10 % had negligible ef-
fect in estimating K42, —2). In any case, the total spin of the
condensate was conserved because inelastic collisions oc-
curred selectively between spin-“+2" and spin-“—2" states.

As for the magnetic phase of the ground state, the cyclic
phase has not yet been discovered, although its existence
has been predicted for spin-2 BEC [19-21]. For the F =2
system, the energy in an external magnetic field is charac-
terized by the following function [19, 20]: €pin = c1{F )2 +
%czl(s_)l — p(F;) —q(Fzz), where F, (F7), and (s_) denote
the average spin, z component, and spin-singlet pair ampli-
tude, and p and g correspond to the linear and quadratic
Zeeman energies, respectively. Here c¢; and ¢, are parame-
ters that characterize the spin-dependent mean-field ener-
gies and are defined by the s-wave scattering lengths ar
for binary collisions with total spin F = 0,2,4 as c; =
(4 h?/M)(as — a»)/7 and ¢ = (4wh?/M)(Tag — 10as +
3a4)/7. The cyclic phase occurs for 0 < ¢ < 20c; and
lg| < canoral/10. Reference [20] assumed that c; M /(4 h)
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is at most of order of the Bohr radius and inelastic collision
losses are spin-independent. To satisfy these conditions, a
magnetic field of less than 100 mG is needed. The results of
our measurements at 45 mG point to an antiferromagnetic
ground state except when c; is less than the upper bound by
the quadratic Zeeman energy ¢ in the cyclic phase.*

It is primarily important to investigate inelastic collisions
in order to understand the spin dynamics of BEC and to de-
termine their magnetic phases. Using spin population dy-
namics, we need to characterize both the elastic and inelastic
collisions in corresponding collision channels. In the cyclic
phase, the |2, +2)—|2, —2) collision produces |2,0) atoms
directly, while this collision does not produce |2, 0) atoms
in the antiferromagnetic phase. Thus, the inelastic collision
channels of |2, +2)—|2,0) and |2, —2)—|2, 0) states should
be considered. If the inelastic collision rate of |2, £2)—|2, 0)
states is sufficiently high in comparison with other channels,
it is difficult to distinguish the cyclic and antiferromagnetic
phases because there are few newly produced |2, 0) atoms
in the cyclic phase. In addition, a small number of |2, 41)
and |2, —1) atoms exist in the trap due to imperfect trans-
fer from |2, —2) to |2, +2). The channels |2, £1)—|2, 0) and
|2, =1)—|2, F2) should also be considered for determination
of the ground state.

4 Conclusions

We observed the time-evolution of spin-2 3’Rb condensates
in |2, +2) and |2, —2) states. The |2, 0) state atoms do not
appear within the trap time of 300 ms in a magnetic field of
45 m@G. Our results for the spin population measurements in
a weak magnetic field point to an antiferromagnetic ground
state except when c; is less than the upper bound at 45 mG.
We studied inelastic collisions of spin-2 3’Rb condensates
with population imbalances. The experimental results indi-
cate that inelastic collision losses depend on the relative pop-
ulation. We calculated time-evolution of the relative popula-
tion from simple two-body inelastic collisions that depend
on the atom densities. The calculation results with no free
parameters were in good agreement with the experiment for
various trap times. A detailed study of the spin-stable depen-
dence of inelastic collisions is a key issue for determination
of the magnetic ground state of spin-2 3’Rb BEC from spin-
exchange dynamics.
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